Chick and mouse embryonic lung mesenchyme were incubated in vitro, with an equimolar mixture of 1SC-and "6N-labeled adenosine, guanosine, cytidine, and uridine, and trace amounts of thefour tritiated ribonucleosides. This permits an unambiguous method for detecting transfer of macromolecular RNA from such a preincubated mesenchyme to responding lung epithelium across a Millipore filter, and for purifying any RNA transferred for further characterization. During the important period of mesenchymal support of epithelial morphogenesis, no detectable transfer of RNA was found. The level of sensitivity of these experiments was such that less than 0.01% of the labeled RNA in the mesenchyme could have been detected in the epithelium, corresponding to less than 75 labeled RNA molecules transferred to each epithelial cell. No detectable transfer of DNA from mesenchyme to epithelium was found during the inductive period, using the same approach, although with much lower sensitivity.
The classical experiments of Spemann (1) and many later studies on developmental inductions have indicated a very specific role for some embryonic territories and tissues in commanding the fate of others, and have suggested that one might find informational molecules passing between interacting tissues during epigenesis (2) . For example, a transplanted optic cup is capable of inducing lens formation in epithelium which would never otherwise form lens, which may be interpreted to indicate the transfer of some instructive molecules to the epithelium (3) . More recent studies of a variety of tissue interactions, including ones in embryonic lens (4) , pancreas (5) , and notochord (6) , suggest that the responding tissues may be determined prior to the interaction, and that information supplied during the interaction stimu. lates cells in the determined state at the right time and place (7) .
We have investigated the interaction of mesenchyme and epithelium in the developing chick and mouse lung; we have asked whether a significant transfer of RNA occurs from mesenchyme to epithelium during the interaction. The embryonic lung was chosen because the lung bronchial epithelium branches and differentiates normally only when stimulated by bronchial mesenchyme; it does not respond well to other mesenchymal stimuli (8) . Furthermore, bronchial mesenchyme will induce tracheal epithelium, which normally never branches, to do so (9) . In this respect the interaction may be like that of optic cup and ectoderm during lens formation (3); i.e., an "instructive" tissue interaction (10) . Finally we wanted to select a responding tissue, such as the lung, which ultimately produces identifiably differentiated cell types [e.g., cells that secrete lung surfactant (11) ] and one in which the interaction between epithelium and mesenchyme will occur in organ culture, with the mesenchyme and epithelium separated by a Millipore filter (12) .
Labeling with stable heavy isotopes has been a powerful tool permitting the physical separation of labeled and unlabeled nucleic acids in bacterial systems (13) and the demonstration of de novo synthesis of proteins in some plants (14, 15) . These studies have utilized 2H20 or H2180 as solvents, simple 'IC-labeled carbon sources, and '5N-labeled salts, which are not readily utilized by eukaryotic animal cells. For the experiments presented here we have prepared density labeled ribonucleosides, precursors that are extensively incorporated by eukaryotic cells at high concentrations (R. Grainger and F. Wilt, in preparation), with no apparent toxic effects. We present here the rationale and experiments that have allowed us to distinguish whether R-NA precursor or macromolecular RNA is transferred between tissues during the lung tissue interaction. Using density labeling, it would be possible to physically isolate macromolecular RNA transferred to the epithelium if such transfer occurred.
In these experiments lung mesenchyme is cultured alone, in vitro, in order to density label its RNA. Trace amounts of radiolabeled nucleosides are present at the same time to follow incorporation levels. After extensive washing, the mesenchyme is placed on one side of a Millipore filter and fresh unlabeled epithelium is placed on the other side. A culture period follows, during which the lung mesenchyme is essential for epithelial morphogenesis. Subsequent equilibrium centrifugation of RNA from epithelial tissue permits one to distinguish transfer of dense macromolecular RNA between tissues from transfer of precursors which might be incorporated by epithelium and utilized for synthesis of RNA. Thus, density labeled nucleotides that might be transferred would be diluted by precursor pools in the epithelium, and the RNA made by this indirect route should have a density much closer to normal.
MATERIALS AND METHODS
Density and Radioactive Isotopes; Labeling Conditions. l3C-'5N-Labeled nucleosides were prepared with a density isotopic substitution of 82-86% 'IC for 12C and 92-96% 15N for I4N, yielding a 3.3% intrinsic density increase (R. Grainger and F. Wilt, in preparation). When completely density labeled nucleic acids are banded in equilibrium salt gradients, under conditions described below, the density increase is reduced to about 2.7%, presumably due to interactions with cesium ions and water (16) . During incubations all four density labeled ribonucleosides were present at 1 mM concentration with each of the four tritiated ribonucleosides added at 500 MCi/ml to follow incorporation, so that the final specific activity was 1.1 X 109 dpm/lumol. [ (Balb/c 9 X C3H cI, or C57Bl 9 X DBA-6 d) or from 5-day White Leghorn chick embryos (Kimber Farms, Niles, Calif.). Whole lungs were dissected from the embryos and cleaned of adhering cells and nerves. Bronchial lung mesenchyme was dissected from the epithelium so that the mesenchyme exposed to density label was not subjected to enzyme treatment. Epithelia were cleaned of all mesenchyme using trypsin-pancreatin as described elsewhere (17) . Except during experimental manipulations, tissues were kept in a humidified 370 incubator in a 5% C02-95% air atmosphere. Lung mesenchyme was labeled in 0.2 ml of modified Ham's F-12 medium (18), containing 10% (v/v) dialyzed fetal calf serum with density and radioactive labels present in the concentrations described above. After incubation, mesenchyme was washed extensively to remove remaining labeled nucleosides. Millipore filter assemblies were prepared as described for earlier experiments (17), using Millipore TH filters (0.45,m porosity, 25 um thickness). Fresh lung epithelium was held to the bottom of the filter apparatus by a plasma clot (17) and prelabeled mesenchyme was then placed on top of the filter assembly. Great care was taken at all stages to prevent mesenchymal contamination of epithelium. Living cultures were photographed with a Zeiss photomicroscope through a light optical system; techniques for electron microscopy have been described (19) . RNA was extracted by a phenolchloroform procedure described elsewhere (20, 21) . DNA was purified by the same procedure, omitting DNase treatment.
Determination of Cell Number per Bronchial Epithelium. Because epithelia are very resistant to enzymatic dissociation, it was impossible to count cells by dissociation. The DNA content of single epithelia was measured by the method of Hinegardner (22) and the number of cells calculated from the known amounts of DNA per diploid nucleus (23) .
Equilibrium Gradient Analysis of RNA Preparations. Labeled Nucleosides. Many embryonic tissues are only able to interact over short periods of time and under specific incubation conditions (24) . We wanted to determine if preincubation of mesenchyme with density label interfered with its ability to later induce morphogenesis in fresh lung epithelium. Mouse epithelium was used in these experiments with chick mesenchyme because it shows a similar but more striking response than chick epithelium (12) . Eleven-day mouse lung corresponds to 5-day chick in developmental stage (12) . Pieces of bronchial mesenchyme were removed from 5-day chick embryos and incubated for 24 hr in the density labeling medium, and then were thoroughly washed. Subsequently, fresh lungs were dissected from 11-day mouse embryos and small areas of tracheal mesenchyme were removed (25 A piece of chick embryonic lung epithelium (E) photographed through the Millipore filter platform after chick mesoderm was removed from the opposite side of the filter to improve visibility. The sharp contours and rounded surfaces are characteristic of epithelium grown transfilter to mesoderm and unlike the extreme flattened condition seen in controls cultured in the absence of mesoderm [as in Fig. 3 of ref. (19) ]. The mesoderm used in this experiment was exposed to medium with density labeled nucleosides prior to the transfilter culture period. X36.
FIGS. 3a and b. Small areas of massed cultures of chick lung epithelium (as in Fig. 2 ) photographed on the lower surface of a filter after density labeled mesoderm was removed for assay (nucleic acids from these epithelia were subsequently extracted and banded in cesium formate gradients shown in Fig. 7) . The rounded contours (C) and lumina (L) are seen in these cultures and are evidence of interaction with the mesoderm. X38.
FIG. 4 . A portion of chick lung epithelium cultured transfilter to density labeled mesoderm for about 18 hr prior to fixation for electron microscopy. Chromosomes (C) of a mitotic figure are seen in one epithelial cell. X5710. Fig.   7A shows that after 24 hr the newly made mesenchymal RNA is extensively density labeled with a distinct buoyant density 1.6% greater than normal. Following the next 24 hr of transfilter incubation in unlabeled medium (Fig. 7B ) some of the unstable RNA in the mesenchyme has been recycled into slightly less dense molecules, yielding a heterogeneous pattern of density labeled RNA molecules. Fig. 7C shows that there is extensive transfer of precursor radioactivity to the epithelium during induction (4-6% of the radioactivity present in the mesenchyme at the beginning of the tissue interaction), as shown by incorporation of radioactivity into epithelial RNA displaying a barely detectable density shift. There is no detectable transfer of intact dense RNA to the epithelium, and the distribution of tritium in the density gradient is virtually identical to the distribution of 14C control RNA (in Fig. 7B ). These experiments were performed three times with 5-day chick embryos and once with 11-day mouse embryos, and gave identical results. Since mouse lung is somewhat smaller at the same developmental stage as the chick, about 30 embryos were dissected to prepare mesenchyme and 50 embryos for epithelia.
DISCUSSION
These experiments show very clearly that conventional radiolabeling of mesenchyme prior to tissue interaction would give misleading results about the transfer of RNA to epithelium. In the experiments presented here 4-6% of the total radioactive label present in mesenchyme after 24 hr of density labeling appears in epithelial RNA after interaction, while the density labeling confirms that none of the radioactivity present is due to transfer of macromolecular RNA. Although the tissues were thoroughly washed, label remained in mesenchymal precursor pools and probably persisted for long periods due to turnover of unstable RNA. This extensive transfer of precursor from mesenchyme to epithelium and subsequent incorporation into epithelial RNA would be indistinguishable from transfer of macromolecular RNA in a radiolabeling experiment.
Since (27) , we could have detected transfer of less than 1% of the labeled messenger RNA of the mesenchyme.
One useful aspect of density labeling is that it permits a very simple determination of the minimal number of RNA molecules that would have been detectable in a transfer between tissues. As discussed in Materials and Methods, the density shift of a completely '3C-15N-labeled RNA in a cesium formate gradient is 2.7%. The experimental shift was 1.6%, indicating that precursor pools in the mesenchynie were 59% saturated, and that the specific activity of the newly made RNA is thus 59% of the value for external nucleosides (0.59 X 1.1 X 109 dpm//Amol; see Materials and Methods). Since it was possible to detect 100 cpm in the cesium formate gradient in Fig. 7C (28, 31) . While there is evidence that tissues cultured in vitro will utilize exogenous RNA (31) , it is difficult to prove that such reactions occur in vit'o or that they have biological significance. One cannot unambiguously exclude a role for RNA at the epithelial cell surface, or utilization and rapid breakdown of transferred RNA. However, stable RNA associated with cell surface or extracellular components of the epithelium (as in Fig. 6 ) would have been assayed along with epithelia.
Density labeled precursors can also be utilized to determine if DNA and proteins are transferred during tissue interactions. Since ribonucleotides are normally converted to deoxyribonucleotides for DNA synthesis, we were able to analyze DNA transfer in the experiments presented above. DNA, as well as RNA, was extracted in some of our experiments, and samples of DNA of both mesenchyme and epithelium were centrifuged to equilibrium in alkaline cesium chloride gradients. DNA in the mesenchyme was extensively density labeled (1.5%); no detectable amounts of DNA were transferred from mesenchyme to the epithelia at this high density, but, as with the RNA gradients, incorporated radiolabel was near the normal buoyant density. The amount of material recovered in labeled DNA was only a few percent of that in RNA and we could only have detected transfer of about 0.5% of the density labeled DNA.
Transfer of proteins during tissue interactions has been well documented, particularly the deposition of collagen (32) . Since proteins in lung tissues can be density labeled with 13C-'5N-labeled amino acids, wve can investigate whether there is a transfer of protein during the lung interaction.
